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NeuronAdult cells from patients can be reprogrammed to induced pluripotent stem cells (iPSCs) which
successively can be used to obtain speciﬁc cells such as neurons. This remarkable breakthrough
represents a new way of studying diseases and brought new therapeutic perspectives in the ﬁeld
of regenerative medicine. This is particular true in the neurology ﬁeld, where few techniques are
amenable to study the affected tissue of the patient during illness progression, in addition to the
lack of neuroprotective therapies for many diseases.
In this review we discuss the advantages and unresolved issues of cell reprogramming and neu-
ronal differentiation. We reviewed evidence using iPSCs-derived neurons from neurological
patients. Focusing on data obtained from Parkinson’s disease (PD) patients, we show that
iPSC-derived neurons possess morphological and functional characteristics of this disease and build
a case for the use of this technology to study PD and other neuropathologies while disease is in pro-
gress. These data show the enormous impact that this new technology starts to have on different
purposes such as the study and design of future therapies of neurological disease, especially PD.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
 Stem cells. Deﬁnition and classiﬁcation. The notion of
pluripotency.
 Pluripotent stem cells: embryonic and induced pluripotent
stem cells.
 Embryonic stem cells: origin and applications.
 Induced pluripotent stem cells: origin, current and future
applications.
Stem cells have two main characteristics: the ability of
self-renewal and the capacity to differentiate into specialized cell
types. These two features confer them the possibility to generate
differentiated cells that could be used in basic and translational
research and cell therapy strategies. Cell potency is deﬁned as
the cell’s ability to differentiate into other cell types [66].
Stem cells can be divided into three main groups according to
their potency: totipotent stem cells which have the capacity todifferentiate into all cell types including extra-embryonic cells;
pluripotent stem cells which have the potential to differentiate
into all somatic cell types and multipotent stem cells, such as adult
stem cells, which can only generate specialized cells types of their
own speciﬁc lineage [29].
Embryonic stem cells (ESCs) are pluripotent cells found in the
inner cell mass of the blastocyst, originated by the union of the
oocyte with the spermatozoid. These cells originate all cell types
of an organism, e.g., more than 200 cell types in humans [46].
ESCs can be cultured and expanded in vitro [83]. This possibility
has enthused numerous research groups to use ESCs as cellular
sources of differentiated cells, the required cellular substrate for
regenerative medicine [17,29]. However, fertilized oocytes are
the source of human ESCs, which is a matter of ethical concerns
in some countries. This issue, the availability of the starting mate-
rial and possible immunogenicity differences between the
ESC-derived cells and the recipients that could potentially lead to
immunological rejection, have hampered the successful exploita-
tion of this type of stem cell for the beneﬁt of patients [77].
The way a cell possesses or acquires pluripotency capacity as
been a topic of intense research. Physiologically, cytoplasmic fac-
tors of the oocyte are capable to modify (or reprogram) the nucleus
of a spermatozoid to originate a fertilized egg, which will become a
blastocyst, the prime source of ESCs. Experiments of somatic clon-
ing and cell fusion between oocytes and adult cells generated
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adult nucleus, supporting the idea that factors present in the
oocyte cytoplasm were able to provide pluripotency properties to
adult cells ([20] reviewed in [75,89,45,29]).
In 2006, Takahashi and Yamanaka, based on information
provided by more than 40 years of previous research (reviewed
in [52]), selected 24 genes as candidates to mediate cell repro-
gramming to a pluripotent state. In a seminal work that paved
the way for the winning of the 2012 Nobel Prize of Medicine and
Physiology, they proved that the exogenous expression of four
genes (Oct4, Sox2, c-Myc and Klf4) was able to convert ﬁbroblasts
into pluripotent stem cells [82]. These pluripotent stem cells orig-
inated from adult cells were called induced pluripotent stem cells
(iPSCs) and were able to originate all three germ lines (mesoderm,
endoderm and ectoderm) and contribute to germ line transmission
in the mouse [82,75].
The development of this newmethod, which allows the produc-
tion of stem cells with similar pluripotency properties than ESCs,
represents the beginning of a new era for basic and translational
research with great perspectives in clinical treatment [89].
iPSCs have the potential to provide all specialized cell types of a
given organism for regenerative therapies without the previously
mentioned shortcomings of ECSs. Moreover, since iPSCs can be
obtained from the same patient, immunological issues would be
prevented using this strategy [10,59]. Alternatively, since donors
can be selected beforehand according to their HLA signature, a
country-speciﬁc collection of iPSCs, compatible to that country
population, can be generated as a source of HLA-compatible cell
substrates [85]. For example, it has been calculated that 50
homozygous HLA types selected from 24000 donors could match
90.7% of the Japanese population [48]. Similarly, as few as 10
homozygous cell types, selected from 10000 donors, could provide
compatible cell substrates at the HLA-A, HLA-B and HLA-DR levels
for transplantation of 37.7% of the UK population [85]. In
Argentina, it has been calculated that 33 and 106 selected donors
could provide histocompatible cells to 50% or 90% of the
population, respectively (C. Gamba, personal communication).
Furthermore, a global initiative to enable the interchange of
HLA-typed iPSCs worldwide in resemblance of the Bone Marrow
Worldwide Registry is underway and Argentina is part of it. We
believe that this initiative will have a major impact in the
next-generation, iPSCs-based cell therapies to come since it can
provide HLA-matched cells worldwide for allogeneic transplanta-
tion [72].
Still, many bottlenecks remain for most of these foreseeing
therapeutic interventions. In particular, for some specialized cells,
cell culture protocols are lacking the needed efﬁciency and
GMP-compatible procedures to be translated to a clinical setting.
Notwithstanding the expected high impact of this technology
on future treatments, one immediate application for iPSCs came
from the realization that specialized cells originated from patients
using reprogramming technology possess characteristics of the
disease affecting that patient, in particular if the disease has a
genetic component [15]. In other words, by cell reprogramming
and differentiation, we can model and study diseases that were
not amenable to research before. This holds true especially for neu-
rological diseases of genetic origin where neurons from patients
have been shown to mimic pathological features of the diseases.
Translationally, this technique allows identifying potential tar-
gets for future therapies in these in vitro models of disease.
Moreover, iPSCs cells from patients can be generated and differen-
tiated into specialized cells of interest and used as platforms for
drug assessment, where screening tests of several compounds will
give relevant data about toxicity and therapeutic efﬁcacy of each
drug. Thus, this new approach could improve the accuracy of drugdevelopment and therefore enhance the probability of successful
therapies [89,29].
In this review, we will discuss critical issues for the translation
of the iPSC technology to the beneﬁt of neurological patients, i.e.,
the reprogramming techniques themselves, the advantages and
shortcomings of available protocols for neuronal differentiation
from iPSCs and its application in neurological disease modeling.
We will focus on the evidence obtained from iPSC-derived neurons
from PD patients and the validation of this technology to study PD
and other neurological disorders.
2. Methods of cellular reprogramming
In order to achieve optimal iPSCs various cellular reprogram-
ming techniques were developed, including the use of viral vectors
(Moloney leukemia virus (MLV)-retroviral, lentiviral, adenoviral,
Sendai virus-derived vectors, among others), non-integrative plas-
mids, proteins, miRNA, mRNA, small molecules, etc [44,29,18]. In
the present review we will be focusing on two types of reprogram-
ming systems widely used for academic purposes (MLV-retroviral
and lentiviral vectors) and two systems, more amenable to be used
in a clinical setting (non-integrative plasmids and proteins).
2.1. Retroviral vectors I: MLV-derived
The ﬁrst reprogramming protocol described used 4
MLV-derived retroviral vectors to express each of the 4 nowadays
called Yamanaka reprogramming factors in murine cells.
This approach yielded 0.02% of ES-like cells from MEFs after
introduction of the four reprogramming factors selected [82,54].
Using this delivery system, the ﬁrst hiPSCs generation from
adult human ﬁbroblasts was achieved in 2007 by S. Yamanaka’s
group with iPSC colonies appearing between 25 and 30 days
post-infection with a reprogramming efﬁciency of 0.01–0.02%
[81,44].
The ﬁrst years after reprogramming was described, much of the
research effort was focused on increasing reprogramming
efﬁciency. Later, it was realized that, even using the less efﬁcient
MLV-derived reprogramming protocols, enough iPSCs clones could
be obtained for further characterization. In the practice, the
selection and characterization of bona ﬁde hiPSCs is cumbersome
and time-consuming and therefore, a surplus of iPSCs is usually
obtained even when using low efﬁciency protocols.
The amount of each reprogramming factor expressed determi-
nes several features of the iPSCS generated [25,43,24]. This variable
is difﬁcult to control using 4 retroviral vectors for each reprogram-
ming gene. The capacity of MLV-derived vectors to accommodate
only a limited size of transgenes (aprox. 6 kb) precludes the
expression of all 4 genes in one vector backbone [1]. This limitation
was overcome by the group of G. Mostoslavsky by developing a
system based on another type of retroviral (lentiviral) vectors,
which can express the 4 factors simultaneously (STEMCAA).
2.2. Retroviral vectors II: lentiviral vectors
A lentivirus-derived system was designed by G. Mostoslavsky’s
group to express a single multicistronic transcript which contains
all the reprogramming [25,74] factors (see Fig. 1). This new vector
named, ‘‘stem cell cassette’’ (STEMCCA), allows iPSCs generation
with a minimal numbers of viral integrations which increase the
safety of reprograming method and the reproducibility of the
amount of expression of each reprogramming factor [74]. This
strategy appears to be more efﬁcient and safer, since previous
reports using the multiple vectors system have required more than
15 viral integrations to accomplish cellular reprogramming. This
Fig. 1. Illustration of steps and cellular products of the reprogramming and the differentiation process towards neuroepithelium or DA neurons. (A) Time schedule of cell
reprogramming. D0, ﬁbroblast seeding, D1 cell transduction with lentiviral vectors, D7, cell passage, D20 to D45, manual selection of iPSC clones according to morphology. (B)
Representative photograph of ﬁbroblasts (40). (C) Scheme of the STEMCAA vector. (D) iPSC colony obtained according to Sommer et al. [74]. (E) Representative images
illustrating a neuroepithelium culture obtained according to Lancaster et al. [36]. (F) Representative images illustrating DA differentiation of hNSCs using PA6-CM or deﬁned
medium according to [42,55] Neurons and dopaminergic neurons are seen by TUJ-1 and TH immunoﬂuorescence analysis, respectively. Hoechst staining indicates the
nucleus. Magniﬁcation: 40.
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reprogramming efﬁcacy [74] and nowadays the STEMCCA vector
is widely used with reprogramming efﬁciencies of 0.1–1.5%
[44,29] (see Fig. 1 for illustrative purposes).
Another advantage of the system is based on the fact that len-
tiviruses allow the transduction of both dividing and
non-dividing cells, being therefore a more suitable system for
reprogramming of quiescent cells [74].
Nevertheless, this system has several disadvantages inherent to
all retroviral-basedmethods. The risk of insertionalmutagenesis is a
major concern when iPSC-derived cells are being considering for
clinical applications, providing increased difﬁculties at the regula-
tory level. In order to increase the safety of the iPSC obtained, aSTEMCCA versionwas engineeredwith LoxP sites. Using this vector,
iPSCs free of reprogramming factors were obtained by transient
transduction with a defective adenovirus or a episomal plasmid
which expresses Cre-recombinase. This strategy does not solve the
regulatory problem entirely, since it leaves a bit more than 200 bp
of the original STEMCAA sequence in the host genome [73,2,44].
2.3. Plasmid constructs
Recently, seeking to establish an approachmore prone to clinical
translation, several research groups have sought new reprogram-
ming methods by transferring non-integrative constructs such as
expression plasmids containing the 4 reprogramming genes.
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embryonic ﬁbroblasts (MEFs) with repeated transient transfections
of two plasmids, one of them containing Oct3/4, Sox2, and Klf4
cDNAs and the second one expressing c-Myc. Expression of
endogenous pluripotent genes and teratoma development
analysis of the iPSCs obtained with this method suggested that
non-integrating vectors can also successfully induce cellular
reprogramming [53,76,44]. This represents an advantage since
the possibility of genomic integration is lower than other methods.
Moreover, transient transfections are technically less complicated
and safer than viral vector manipulation.
However, reprogramming efﬁciencies are lower (0.001–
0.0001%) than the ones obtained by integrating vectors (0.1–1%).
This low efﬁciency could be partially caused by insufﬁcient time
of expression of the reprogramming factors, which is needed to
complete the epigenetic modiﬁcations instrumental for cellular
reprogramming. Even with the implementation of several rounds
of transfection, the reprogramming efﬁciencies values remained
low.
A year later, Kaji and colleagues have reprogrammed murine
and human ﬁbroblasts using a Cre/loxP-based system. The con-
struction was a single plasmid which contained a cassette with
the four reprogramming factors and 2A peptides, ﬂanked with
loxP sequence. This strategy allows transgenes excision after
cellular reprograming through Cre transfection. Analysis for
endogenous pluripotency markers demonstrated that the loss of
exogenous reprogramming factors did not affected the repro-
grammed state of iPSCs cells [30,54]. In fact, it has been shown that
after pluripotency is achieved by the expression of the exogenous
reprogramming factors, the host cells shuts down the exogenous
expression and induces the endogenous expression of the repro-
grammed genes [75]. This endogenous expression is crucial to
maintain long-term pluripotency in culture of the iPSCs generated
and allows the correct, unbiased differentiation of these cells
towards the desired phenotype.
Alternatively, other systems were designed, such as the episo-
mal vector oriP/EBNA1 (Epstein Barr nuclear antigen-1). This con-
struction, derived from Epstein Barr virus, expresses the four
reprogramming factors, the transgene Lin28 and SV40 large T anti-
gen [50]. However, this new alternative had low reprogramming
efﬁciency in human ﬁbroblasts. Nevertheless, this system allows
the generation of iPSCs from peripheral blood or CD34 positive
cells from cord blood, with efﬁciencies of 0.02 and 0.009% respec-
tively on day 14 post-transfection, suggesting that this technique
could be useful for cell reprogramming of these speciﬁc cells
[44,50].
For clinical applications, safer methods are required to
minimizing alterations of iPSCs genome and possibilities of tumor
formation. The last described, non-viral techniques are interesting
options to achieve this goal.
2.4. Protein cell reprogramming
Another approach is based on cellular reprogramming with pro-
teins as reprogramming factors. As a proof-of-principle, MEF cells
were reprogrammed using a fusion protein which contained the
four reprogramming factors with a poly-arginine protein transduc-
tion domain [92].
A new alternative based on recombinant proteins from an
Escherichia coli expression system was used on murine and human
ﬁbroblasts. However, this method had showed low reprogramming
efﬁcacy [44]. An important factor is related to the protein
expression system selected for reprogramming factors synthesis.
Mammalian expression systems are capable of producing
correct protein folding, assembly and post translational modiﬁca-
tion. Kim and colleagues generated iPSCs using recombinantreprogramming factors obtained from a stable HEK293 human cell
line. However, it required several rounds of transduction and
8 weeks to achieve cellular reprogramming [32,39].
Other system, based on cell-permeable reprogramming pro-
teins, was used on human dermal ﬁbroblasts. Stem cell-like colo-
nies which resembled embryonic stem cells features were
generated. However, they failed to expand as iPSC or ESC lines [41].
Disadvantages such as low reprogramming efﬁciency together
with technical issues related to the system of protein expression
selected, large-scale production, protein puriﬁcation and
characterization suggest that more studies are needed in order to
analyze the potential application of protein-based reprogramming
approaches.
In relation with cell differentiation and reprogramming meth-
ods, Rhee and colleagues analyzed cell death and senescence in
neural precursors (NPs) derived from iPSCs generated by different
methods of cellular reprogramming. Interestingly, they observed
that NP cells from iPSCs obtained by cell reprogramming based
on direct delivery of poly-arginine-tagged reprogramming factors
were expandable for several passages without detection of senes-
cence. In contrast, residual expression of exogenous reprogram-
ming genes was detected in NP cells derived from iPSCs
generated by retroviral or lentiviral cell reprograming methods.
They also observed cell death and senescence in NP cells at low
passages. However, tumor formation was observed in one condi-
tion of cell transplantation of mature dopaminergic neurons
derived from iPSCs generated by poly-protein-cell reprogramming
technique. This was related to a high number of undifferentiated
cells detected into the graft [61].
As a cautionary note, independently of the reprogramming
method use, it is important to notice that bona ﬁde iPSCs need to
pass several quality control tests in order to be deﬁned as such.
The burden impose to the dynamics of the cell genome, inevitable
creates unstable cells that need to be discarded from downstream
applications. These controls include tests for transgene silencing
and integration, stemness, pluripotency, normal and stable kary-
otype, viability after freezing and thawing, maintenance of stem-
ness and genomic stability after long-term culture, among others.
In addition, epigenetic memory, i.e., the remaining epigenetic sig-
nature from the donor cell could be problematic, especially if
iPSCs are used at early passages [4,19]. In addition, not all iPSCs
colonies are fully reprogrammed and some can still express the
exogenous transgenes after several passages. The constant expres-
sion of the reprogramming genes that gave pluripotency to the
cells in the ﬁrst time could in theory result in a problematic issue
when iPSCs are driven towards the differentiation of a speciﬁc cell
phenotype. Therefore, several issues need to be considered to
ﬁnally decide if the iPSCs obtained are amenable for downstream
applications.
In summary, an ideal reprogramming method should provide:
fully reprogrammed iPSCs, medium to high reprogramming efﬁ-
ciency, iPSCs generated not longer than 1 month after gene deliv-
ery, a vector/expression system cheap, easy to produce and with
straight forward quality control tests available, reliable expression
of the 4 Yamanaka factors whose expression should shut down
after reprogramming is achieved. In addition, the method should
be clinically compatible (integration-free) if required (see Table 1).
In reality, a scenario starts to appear where, as it was for the
case of gene therapy, a particular reprogramming method would
be ideal for a given cell and not for another. In addition, the ﬁnal
use of the iPSC determines the reprogramming method of choice
since the easiest, more efﬁcient and more reliable reprogramming
methods (retrovirus-derived vectors) are the approaches of choice
for academic purposes but not for clinical applications due to
potential risks represented by the usage of genome-integrating
viruses. In other words, it takes two to dance the desired tango
Table 1
Features of an ideal reprogramming method.
The ideal reprogramming method should:
U Generate fully reprogrammed iPSCs
U Allow medium to high reprogramming efﬁciency
U Achieve fast reprogramming of cells (less than 1 month after gene
delivery)
U Include a vector/expression system:
o Easy to produce
o Cheap
o With straight-forward quality control tests available
o Able to express reproducible amounts of the 4 Yamanaka factors in
all experiments
o Allowing the shutdown of the reprogramming genes after repro-
gramming is achieved
U Be clinically compatible (integration-free) if required
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cell used as starting material.
Once the challenge of generating a bona ﬁde iPSC is met, an
even more complicated task is awaiting: the differentiation to
the desired cell type.
3. iPSCs and cell differentiation
As mentioned before, ESCs and iPSCs can potentially generate
the more than 200 different, human cell types. During develop-
ment, several factors such as transcription factors, growth factors,
and the extracellular environment direct speciﬁc genetic programs
to originate a particular cell type. The task of mimicking such con-
ditions in the lab is formidable monumental. Due to the plethora of
data coming from developmental biology, embryology and other
areas of research studying the phenomenon of cell differentiation
and the studies conducted with hESCs, it is now sometimes possi-
ble to drive the iPSC to a pathway that ends in a desired cell type.
However, not all cell types can be obtained nowadays from iPSCs or
ESCs. For example, functional hepatocytes are still not available
from these cells [65].
We will focus our analysis on neuronal differentiation since it
allows us to discuss both established protocols and procedures that
have room for improvement. For example, nowadays, it is possible
to generate neuroepithelium with high (>90%) efﬁciency. At the
same time, speciﬁc neuronal populations, such as dopaminergic
(DA) neurons (DAn), are harder to obtain. Therefore, neuronal dif-
ferentiation allows us to discuss both established protocols and
procedures that have room for improvement.
3.1. iPSCs-derived neurons
IPCs-derived neurons represent a useful tool that could provide
a ﬁrst understanding for physiological and pathological processes
of the central nervous system. To achieve this complex goal obtain
neurons from iPSCs, several research groups had developed differ-
entiation protocols to obtain diverse neurons phenotypes by
manipulation of culture conditions, such as type of coating and
speciﬁc combinations of differentiation factors. In this case, the
efﬁciency to obtain the desired neuronal phenotype is crucial in
order to perform downstream experiments: i.e., preparations with
low number of the required neurons will serve for imaging analysis
or single cell studies, whereas cultures with over 90% of homo-
geneity could be utilized for robust molecular biology techniques.
3.1.1. Neuroepithelial culture
It is nowadays feasible to obtain a neuroepithelial culture with
consisting of over more than 90% of neurons [13,36,47] and own
unpublished data). Most of these neurons are glutamatergic and
GABAergic and less than 10% of dopaminergic and serotonergicneurons are also routinely present ([36] and own unpublished
data)). In addition to culturing these cells in a monolayer, it is pos-
sible to generate them in suspension, in a 3D fashion. This culture
system allows studying developmental processes [13,36,47].
Moreover, from human iPSCs, Lancaster and colleagues were able
to generate cerebral organoids, a three dimensional structure that
contains areas which resemble speciﬁc independent brain regions
such as cerebral cortex ([36] and Fig. 1)). Using this model, neu-
ronal differentiation analysis from patients with microcephaly
could be performed [36]. The facts that these regions contain neu-
ronal progenitors which can reach a mature state allow the oppor-
tunity for example to study cell–cell interactions, time course of
cell differentiation in both normal and pathological conditions. It
is foreseen that this technical development will facilitate the
comprehension of the processes involved in various brain diseases
by simplifying the variables associated with the animal models
traditionally used.
3.1.2. Speciﬁc neuronal differentiation
As stated above, speciﬁc neuronal phenotypes can be obtained
with less efﬁciency. Both types of cortical neurons, glutamatergic
and GABAergic cortical neurons were successfully derived from
human iPSCs. A preparation was obtained with 70–75% of gluta-
matergic and 10–20% of GABAergic neurons, respectively
[5,58,86]. This is an attractive approach for in vitro studies of
physiological and pathological mechanisms involving the cerebral
cortex cortical neurons [70,5,58,86].
Shimada and colleagues reported differentiation to serotoniner-
gic neurons from PSC with 80% of efﬁciency. The study and
characterization of this neuronal type could be useful to under-
stand the development of psychiatric conditions, such as obsessive–
compulsive disorder, depression and impulsivity [71,58].
Motor neurons are the other type of neuron derived from iPSCs
which could represent a useful in vitro model for understanding
physiological process involved in motor system. Additionally, a
disease-modeling-approach could be used for development of
effective therapies. Furthermore, it has opened opportunities to
cell therapy strategies for motor neuron disease [23,58].
3.1.2.1. Methods of dopaminergic differentiation. Dopaminergic dif-
ferentiation from PSCs, resembling bona ﬁde A9 neurons, is instru-
mental to study Parkinson’s disease and for the development of
therapies against this pathology. Dopaminergic differentiation
from PSCs was has already been achieved by several research
groups [90,16,35,61,8,42,58].
One strategy for dopaminergic differentiation involves the
generation of embryoid bodies (EBs) followed by selection and
expansion of nestin-positive cells and treatment with sonic
hedgehog (Shh) and ﬁbroblast growth factor 8 (FGF8). This is a
complex multiple-step method which could generate up to 30%
of tyrosine hydroxylase (TH) (the limiting enzyme in dopamine
synthesis)-positive cells [37].
Cho and colleagues have obtained mature and functional DAn
from homogeneous spherical neural masses (SNMs) derived from
hESCs with an efﬁciency of 86%. The authors stated that DA differ-
entiation protocol based on SNMs usages have various advantages
such as: SNMs can be expandable for several passages and DA dif-
ferentiation can be achieved in 14 days. Also the protocol devel-
oped did not use any type of genetic modiﬁcation or co-culture
with feeder cells. This represents a safer method for cell transplan-
tation. However, histological analysis of grafts showed that after
12 weeks post transplantation, only 2.7% of the surviving cells
were TH positive cells from which a small population were positive
for DAT (dopamine active transporter) suggesting that the
maturation state of the majority of cells present in the graft was
incomplete at the time selected for this study [16].
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tems with meningeal cells; glial cells or stromal cells [31,6,22]
(see Fig. 1 for illustration). Co-culture with stromal cell lines such
as PA6 or MS5 cells, which have a stromal-derived inducing activ-
ity (SDIA) is a simpler and faster method than the EBs strategy [31].
Using this protocol dopaminergic differentiation from PSCs was
successfully reported with efﬁciencies between 54% and 87%
[31,90,91,87] (see Fig. 1 for illustration).
In order to elucidate the molecular mechanism of DA induction,
various research groups tried to establish which factors were
involved in DA differentiation. For example, GDNF, a survival factor
for dopamine neurons was able to duplicate the efﬁcacy of
DA-differentiation using the PA6 co-culture system in hESCs [6].
It was also observed that cell-surface components and soluble fac-
tors had DA activity [31]. It has been shown that generation of DAn
from hESCs could be obtained using PA6-conditioned medium
(CM) with fewer efﬁciency than PA6 co-cultures methods [87].
Interestingly, the addition of heparin to PA6-CM increased the per-
centage of dopaminergic neurons generated, suggesting that the
biological activity of the soluble factors required for survival and
dopaminergic differentiation of ESCs could be stabilized and/or
activated by heparin addition [22,87]. Related to this fact, it was
demonstrated that while PA6-CM is not able to induce dopaminer-
gic differentiation in ESCs with high efﬁciency, it could differenti-
ated neural stem cells (NSCs) to the DA phenotype with a 25% of
efﬁciency [78]. This observation suggests that PA6-CM contains
the necessary factors for dopaminergic induction from NSCs, while
the cell survival factors required for ESCs could be active only with
heparin addition. Based on results obtained from microarray
analysis from the PA6 line and NSCs, dopaminergic differentiation
from NSCs was achieved with a protocol based on a treatment
with Shh/FGF8 factors and subsequently, with BDNF and
GDNF-supplemented medium [78]. Optimization of the PA6-CM
differentiation method includes addition of BDNF and GDNF which
favors cell survival and dopaminergic differentiation [80]. In addi-
tion, it was found that Amiodarone can selectively kill ESCs but
spare DA precursors, increasing DA differentiation efﬁciency [21].
While these works suggested that PA-6 co-culture or PA6-CM
are simple and fast strategies, they are not totally compatible with
the development of good manufacturing practices (GMPs) proto-
cols, which are mandatory for the generation of clinical-grade DA
neurons. Related to that issue, X. Zeng’s research group was
capable to obtain functional dopaminergic neurons under deﬁned
media, a protocol compatible with a GMP-compliant process [79].
Reports from Kirks and colleagues suggested that Lmx1a and
FoxA2 expression is an important factor for the generation of
dopaminergic neurons with A9/A10 phenotype [35]. Based on this
fact, Liu and colleagues optimized cell culture conditions in order
to increase the percentage of DA cells expressing Lmx1A and
FoxA2. This strategy allowed DA differentiation in a shorten period
of time with less variability [42]. Using this protocol and also the
PA6-CMmethod, we were able to obtain TH/TuJI positive cells from
hNSCs (Fig. 1).
Two key, mostly neglected issues need to be solve in order to
move forward to a clinical setting: the viability after thawing and
the deﬁnition of the degree of maturity of the dopaminergic
precursor to be transplanted.
The transplantation of fully mature DAn into the brain has
resulted in very poor survival [3]. This fact is supposed to originate
from the damage to fully differentiated neurons with relatively
long processes when they are harvested from the culture dish
and the inability or extreme difﬁculty of mature neurons to inte-
grate into the host parenchyma. Therefore, there is a consensus
that DA precursors should be transplanted and allow their ﬁnal
maturation step in vivo. However, few studies have addressed this
issue. Peng and colleagues have determined that DA precursorsharvested 14 days after the beginning of the differentiation proto-
col can mature, survive and ameliorate motor symptoms in a rat
model of Parkinson’s disease [56].
In a fundamental study, frozen and cryopreserved dopaminergic
precursors were tested in cell transplants on a 6-OHDA animal
model of Parkinson’s disease. The results obtained showed similar
motor behavior recovery for both types of cellular preparations
using a speciﬁc protocol. Moreover, it was observed that
frozen-DA precursors were able to differentiate to a mature state
equally to fresh preparations of DA precursors [42,56]. Therefore,
these publications indicate that it is feasible to prepare DA precur-
sors preparations at a differentiation step that allowed survival and
amenable to freezing and thawing. This last step is crucial since,
most of the cases, it is envisaged that the place of DA precursors
production could be at a long distance from the site of cell trans-
plantation into the patient.
4. Cellular reprogramming based models of human
neurological disorders
iPSCs-derivedneurons representapotential tool fordiseasemod-
eling, and identiﬁcation of genes as therapeutic targets. Likewise,
this technology opens a new perspective for drug discovery, since
it allows the possibility to generate iPSCs from patients which could
serve as a speciﬁc disease model for compounds screening.
Various neurological disease models have already been devel-
oped using iPSC technology. Research works for iPSCs generation
and neuronal differentiation were reported from Alzheimer’s dis-
ease (AD), Rett syndrome, Huntington’s disease, spinal muscular
atrophy, amyotrophic lateral sclerosis, schizophrenia, Down’s syn-
drome, Parkinson’s disease, etc. [14]. The model of AD includes
iPSCs differentiation not only towards neuronal phenotypes such
as cortical and cholinergic neurons and neural precursor cells but
also astrocytes [28,34,88,26].
Also, a consortium for Huntington disease (HD) has developed
14 iPS cell lines from HD patients in order to obtain neuronal cells
and characterize cell vulnerability and alterations in metabolic and
electrophysiological features that could be related to HD [9].
In addition, Li and colleagues had generated 22 iPSCs lines from
patients with familial amyotrophic lateral sclerosis (fALS), which
includes several types of mutations being therefore a useful model
for analyze molecular pathways involved in fALS development [40].
More than 10 publications are available describing the func-
tional and morphological characteristics of iPSCs-derived DA neu-
rons from PD patients. This proliﬁc activity allows an in-depth
comparison of the results obtained which are relevant to drug dis-
covery strategies for this disease. To obtain a better understanding
of the implications of those results, a brief introduction to PD is
provided.
4.1. Parkinson’s disease and in vitro models using iPSC-derived DA
neurons
PD is a neurodegenerative disorder that affects more than 1% of
people over the age of 60. The principal feature of this disease is
the progressive loss of DAn of the nigrostriatal system, causing
the motor symptoms observed in these patients [33,49]. At the
moment, approved treatments include pharmacological replace-
ment of dopamine and electrical inhibition of speciﬁc areas such
as the sub-thalamic nucleus. Oral intake of DA precursors or ago-
nists can control motor symptoms in PD patients for several years,
but thereafter many motor and non-motor complications arise. In
addition, there is no treatment that protects DAn from cell death
and halt disease progression. Thus, there is an urgent need to
develop new drugs and novel therapeutic strategies that prevent
the progressive loss of DAn [38,51,57].
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by X. Zeng’s research group. In order to generate a platform of DAn
for drug screening, hNSCs were obtained from hESCs and hiPSCs.
To validate this system, a set of several candidate neuroprotective
agents were tested in a model of cell neurotoxicity by MPP+, a
speciﬁc neurotoxin for DAn. The results of this study showed that
from a total of 44 compounds tested only a third were neuropro-
tective. Interestingly, molecules which were reported previously
as cytoprotective in vitro but failed in clinical trials, did not have
neuroprotective action in this model, suggesting that DA neurons
derived from PSCs may represent an accurate system for drug test-
ing [55].
iPSCs-derived dopaminergic neurons from patients with spo-
radic and genetic forms of PD were generated in order to study
molecular and cellular alterations that could lead to the develop-
ment of this neuropathology [91,7,49,68,10,27,63,60,62,64,67,69].
Vulnerability and/or an increased response to oxidative stress,
alpha-synuclein accumulation, alterations in autophagy mecha-
nism, changes in mitochondrial morphology and function are all
previously known features of DAn pathology. These features were
studied in the iPSC-derived models. A summary of this effort is
summarized in Table 2. Susceptibility to oxidative stress and/or
an increased response to oxidative stress was proven in 5 of the
studies (4, 6, 8, 10 and 11); alpha-synuclein accumulation was
observed in 7 studies (1, 2, 4, 5, 8, 9 and 10); changes in autophagy
or lysosome function was detected in 2 publications (1 and 2);
alterations in mitochondrial function, in 5 manuscripts (3, 6, 7, 8,
and 9) and morphological alterations in 2 (2 and 5).
The studies from iPSCs-derived neurons from PD patients can be
divided according to the form of PD studied (sporadic or
genetically-related to genes such as alpha-synuclein, LRRK-1,
PARK-2 or PINK-1), where they focused on a spontaneous or
treatment-triggered phenotype and there was an attempt to test
a therapeutic intervention on these cells (see Table 2). Some inter-
esting features emerge from individual as well as by comparing
several studies.
Investigating iPSC-derived DA neurons from idiopathic PD
patients, Sanchez-Danes and colleagues discovered that a sponta-
neous phenotype was not observable at 30 days of culture [63].
However, if cells were left to grow for 75 days, spontaneous alter-
ations typical of PD such as increased apoptosis and accumulation
of alpha-synuclein emerged [63]. It is remarkable that time in cul-
ture can favor the occurrence of pathological landmarks of PD
while aging is the highest risk factor for PD. This concordance
may indicate that aging in culture can be used to study a chronic
process in the cells that leads to morphological and functional
alterations.
Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene is
the most prevalent in the genetically-linked PD as well as in spo-
radic forms [84]. However, its function is not fully understood.
DAn from iPSCs of patients with mutations in the LRRK2 gene
(LRRK2mut) showed an increment in mitochondrial DNA damage
together with mitochondrial dysfunction, and cellular vulnerabil-
ity. Also, genes involved in oxidative stress pathways were upreg-
ulated in DAn carrying the LRRK2-G2019S mutation [49,64].
Mutations in gene coding for the ubiquitin ligase Parkin
(PARK2) are linked to familial Parkinson’s disease. One of the main
functions of Parkin is to maintain mitochondrial function and
integrity. First, a decrease in the efﬁcacy of dopaminergic differen-
tiation between NSCs of PD patients carrying the mutations and
control subjects was observed. Then, alterations in mitochondrial
volume fraction and molecular pathways related with mitophagy
(degradation of mitochondria by autophagy) were also detected
in DAn derived from iPSCs-PARK2mut, which is consistent with
the biological function of PARK2 [69].Other iPSC-derived PD model is based on PINK1 (PTEN-induced
putative kinase 1) gene mutations which are also related to PD
development. PINK1 is a mitochondrial protein which function is
related to cellular protection against stressors agents that could
cause mitochondrial damage. DA neurons were generated from
iPSCs from patients carrying the PINK1-Q456X mutation
(iPSCs-PINK1mut). Cellular vulnerability to different stressors
agents were increased in DAn derived from iPSCs-PINK1mut. This
was accompanied by increased levels of mitochondrial reactive
oxygen species and alterations in mitochondrial functions.
Moreover, pharmacological treatment with antioxidant com-
pounds prevented cellular susceptibility to stressors agents [11].
Taken all these results together, these models using different
reprogramming and differentiation methods are validated by these
common ﬁndings. Once validated, they serve as a cellular experi-
mental set-up to address new questions on PD pathophysiology,
target discovery and drug screening. This approach is certainly pro-
viding a new way to understand this and other diseases that adds
the traditional post-mortem analysis of brain samples or disease
animal models with the advantage of a study conducted while
the disease is progressing in the patient, providing a window of
opportunity for, sooner or later, therapeutic interventions.
5. Conclusions and perspectives
Considering that S. Yamanaka’s seminal work on murine cell
reprogramming was published in 2006, the Nobel Prize for
Medicine or Physiology of 2012 to his work was one of the fastest
to be conceded. Certainly, the other Nobel award winner of that
year, Dr. J. Gurdon, conducted an instrumental contribution to cell
reprogramming more than 40 years ago, highlighting the impor-
tance of previous basic research efforts in the ﬁeld. We believe that
the initial data already generated with this technology has proven
that the Nobel Prize committee was right in honouring these scien-
tists for their discoveries.
First, cell reprogramming has been reproduced by several
groups worldwide using a variety of methods. As discussed before,
we believe that the ﬁeld will come to a conclusion similar to the
gene therapy ﬁeld: there will be an ideal reprogramming (gene
transfer) method for a given cell, but not for all cells.
Second, iPSCs have arisen much hope concerning future
iPSC-based cell therapies. Indeed, a ﬁrst clinical trial for macular
degeneration using iPSC-derived retinal pigmented cells has
started in Japan, showing the developmental speed of the ﬁeld
[12]. Nevertheless, clinical translation is inevitably long and
requires a tight regulation. In order to preserve the patient’s safety
and hopes, each step of clinical protocol must be deeply discussed.
Thereby, each step achieved would have a high chance to provide
valuable evidence, without the risk of producing a negative impact
on the ﬁeld. Again, lessons could be learned from the gene therapy
ﬁeld where adverse effects or deviations from the approved proto-
col in three clinical trials out of several thousands, have put a cone
of shadow in that ﬁeld for several years. In particular, the stem cell
therapy ﬁeld is already primed with offers of unproven, ineffective
and potentially dangerous stem cell treatments, raising the hope of
patients and the hype of media. In this context, a critical discussion
of future steps is mandatory so that clinical application of
iPSC-derived treatments reaches a safe harbour.
Third, notwithstanding the future impact of this technology on
cell therapy, a ﬁrst, clear and potent effect on neurological diseases
arises from the application of this technology to model diseases in
a dish. The ability to have neurons available in the laboratories
from neurological patients was unrealistic ten years ago.
Nowadays, the generation of neuroepithelium from iPSCs is rela-
tively simple and straightforward. Obtaining the desired neuron
Table 2
PD models using iPSC-derived DA neurons.
Disease Source Cell type Cell
characterization
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Cellular stressors used: valinomycin; MPP+; 6OHDA;
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some cases. Levelling this up to the production of clinical grade
cells requires speciﬁc expertise that is usually not in the comfort
zone of basic research scientists and therefore this crucial step calls
for a team effort. Nevertheless, due to the plethora of data obtained
in the last decades, several differentiation protocols have already
been established and valuable data have been obtained for many
diseases. Especially the studies on PD, have provided irrefutable
evidence that this technology can be indeed used for disease
modeling.
In conclusion, cell reprogramming came here to stay and move
forward the neurology ﬁeld as no other time in the last century.
Hopefully, the coordinated action of scientists, regulators, physi-
cians, legislators and bioethicists will provide a clear pathway to
translate the enormous potentiality of this technology into real,
clinically-relevant results in terms of cell therapy, identiﬁcation
of therapeutic targets or drug discovery for neurological diseases.
Acknowledgments
SDW has a post-doctoral fellowship from CONICET and FJP is a
member of the research career of CONICET.
We thank all members of our laboratory for helpful discussions
especially to Dr. Corina Garcia, Dr. G. Mostoslavsky (University of
Boston) for the gently gift of the STEMCAA vector and Dr. X. Zeng
(Buck Institute) for her advice on cell differentiation.
References
[1] Amabile, G. and Meissner, A. (2009) Induced pluripotent stem cells: current
progress and potential for regenerative medicine. Trends Mol. Med. 15, 59–68.
[2] Awe, J.P., Lee, P.C., Ramathal, C., Vega-Crespo, A., Durruthy-Durruthy, J.,
Cooper, A., Karumbayaram, S., Lowry, W.E., Clark, A.T., Zack, J.A., Sebastiano, V.,
Kohn, D.B., Pyle, A.D., Martin, M.G., Lipshutz, G.S., Phelps, P.E., Pera, R.A. and
Byrne, J.A. (2013) Generation and characterization of transgene-free human
induced pluripotent stem cells and conversion to putative clinical-grade
status. Stem Cell Res. Ther. 4, 87.
[3] Barker, R.A., Barrett, J., Mason, S.L. and Bjorklund, A. (2013) Fetal dopaminergic
transplantation trials and the future of neural grafting in Parkinson’s disease.
Lancet Neurol. 12, 84–91.
[4] Bayart, E. and Cohen-Haguenauer, O. (2013) Technological overview of iPS
induction from human adult somatic cells. Curr. Gene Ther. 13, 73–92.
[5] Boissart, C., Poulet, A., Georges, P., Darville, H., Julita, E., Delorme, R.,
Bourgeron, T., Peschanski, M. and Benchoua, A. (2013) Differentiation from
human pluripotent stem cells of cortical neurons of the superﬁcial layers
amenable to psychiatric disease modeling and high-throughput drug
screening. Transl. Psychiatry 3, e294.
[6] Buytaert-Hoefen, K.A., Alvarez, E. and Freed, C.R. (2004) Generation of tyrosine
hydroxylase positive neurons from human embryonic stem cells after
coculture with cellular substrates and exposure to GDNF. Stem Cells 22,
669–674.
[7] Byers, B., Cord, B., Nguyen, H.N., Schule, B., Fenno, L., Lee, P.C., Deisseroth, K.,
Langston, J.W., Pera, R.R. and Palmer, T.D. (2011) SNCA triplication Parkinson’s
patient’s iPSC-derived DA neurons accumulate alpha-synuclein and are
susceptible to oxidative stress. PLoS ONE 6, e26159.
[8] Byers, B., Lee, H.L. and Reijo Pera, R. (2012) Modeling Parkinson’s disease using
induced pluripotent stem cells. Curr. Neurol. Neurosci. Rep. 12, 237–242.
[9] HD Consortium (2012) Induced pluripotent stem cells from patients with
Huntington’s disease show CAG-repeat-expansion-associated phenotypes. Cell
Stem Cell 11, 264–278.
[10] Cooper, O., Hallett, P. and Isacson, O. (2012) Using stem cells and iPS cells to
discover new treatments for Parkinson’s disease. Parkinsonism Relat. Disord.
18 (Suppl. 1), S14–16.
[11] Cooper, O., Seo, H., Andrabi, S., Guardia-Laguarta, C., Graziotto, J., Sundberg, M.,
McLean, J.R., Carrillo-Reid, L., Xie, Z., Osborn, T., Hargus, G., Deleidi, M., Lawson,
T., Bogetofte, H., Perez-Torres, E., Clark, L., Moskowitz, C., Mazzulli, J., Chen, L.,
Volpicelli-Daley, L., Romero, N., Jiang, H., Uitti, R.J., Huang, Z., Opala, G., Scarffe,
L.A., Dawson, V.L., Klein, C., Feng, J., Ross, O.A., Trojanowski, J.Q., Lee, V.M.,
Marder, K., Surmeier, D.J., Wszolek, Z.K., Przedborski, S., Krainc, D., Dawson,
T.M. and Isacson, O. (2012) Pharmacological rescue of mitochondrial deﬁcits
in iPSC-derived neural cells from patients with familial Parkinson’s disease.
Sci. Transl. Med. 4, 141ra190.
[12] Cyranoski, D., 2014. Japanese woman is ﬁrst recipient of next-generation stem
cells. In: Nature News: Nature.
[13] Chambers, S.M., Tchieu, J. and Studer, L. (2013) Build-a-brain. Cell Stem Cell
13, 377–378.[14] Cherry, A.B. and Daley, G.Q. (2012) Reprogramming cellular identity for
regenerative medicine. Cell 148, 1110–1122.
[15] Cherry, A.B. and Daley, G.Q. (2013) Reprogrammed cells for disease modeling
and regenerative medicine. Annu. Rev. Med. 64, 277–290.
[16] Cho, M.S., Lee, Y.E., Kim, J.Y., Chung, S., Cho, Y.H., Kim, D.S., Kang, S.M., Lee, H.,
Kim, M.H., Kim, J.H., Leem, J.W., Oh, S.K., Choi, Y.M., Hwang, D.Y., Chang, J.W.
and Kim, D.W. (2008) Highly efﬁcient and large-scale generation of functional
dopamine neurons from human embryonic stem cells. Proc. Natl. Acad. Sci.
U.S.A. 105, 3392–3397.
[17] Das, S., Bonaguidi, M., Muro, K. and Kessler, J.A. (2008) Generation of
embryonic stem cells: limitations of and alternatives to inner cell mass
harvest. Neurosurg. Focus 24, E4.
[18] Deng, X.Y., Wang, H., Wang, T., Fang, X.T., Zou, L.L., Li, Z.Y. and Liu, C.B. (2015)
Non-viral methods for generating integration-free, induced pluripotent stem
cells. Curr. Stem Cell Res. Ther. 10, 153–158.
[19] Firas, J., Liu, X., Lim, S.M. and Polo, J.M. (2015) Transcription factor-mediated
reprogramming: epigenetics and therapeutic potential. Immunol. Cell Biol. 93,
284–289.
[20] Gurdon, J.B. (1962) The developmental capacity of nuclei taken from intestinal
epithelium cells of feeding tadpoles. J. Embryol. Exp. Morphol. 10, 622–640.
[21] Han, Y., Miller, A., Mangada, J., Liu, Y., Swistowski, A., Zhan, M., Rao, M.S. and
Zeng, X. (2009) Identiﬁcation by automated screening of a small molecule that
selectively eliminates neural stem cells derived from hESCs but not dopamine
neurons. PLoS ONE 4, e7155.
[22] Hayashi, H., Morizane, A., Koyanagi, M., Ono, Y., Sasai, Y., Hashimoto, N. and
Takahashi, J. (2008) Meningeal cells induce dopaminergic neurons from
embryonic stem cells. Eur. J. Neurosci. 27, 261–268.
[23] Hester, M.E., Murtha, M.J., Song, S., Rao, M., Miranda, C.J., Meyer, K., Tian, J.,
Boulting, G., Schaffer, D.V., Zhu, M.X., Pfaff, S.L., Gage, F.H. and Kaspar, B.K.
(2011) Rapid and efﬁcient generation of functional motor neurons from
human pluripotent stem cells using gene delivered transcription factor codes.
Mol. Ther. 19, 1905–1912.
[24] Hockemeyer, D., Soldner, F., Cook, E.G., Gao, Q., Mitalipova, M. and Jaenisch, R.
(2008) A drug-inducible system for direct reprogramming of human somatic
cells to pluripotency. Cell Stem Cell 3, 346–353.
[25] Hochedlinger, K. and Jaenisch, R. (2006) Nuclear reprogramming and
pluripotency. Nature 441, 1061–1067.
[26] Hossini, A.M., Megges, M., Prigione, A., Lichtner, B., Toliat, M.R., Wruck, W.,
Schroter, F., Nuernberg, P., Kroll, H., Makrantonaki, E., Zouboulis, C.C. and
Adjaye, J. (2015) Induced pluripotent stem cell-derived neuronal cells from a
sporadic Alzheimer’s disease donor as a model for investigating AD-associated
gene regulatory networks. BMC Genomics 16, 84.
[27] Imaizumi, Y., Okada, Y., Akamatsu, W., Koike, M., Kuzumaki, N., Hayakawa, H.,
Nihira, T., Kobayashi, T., Ohyama, M., Sato, S., Takanashi, M., Funayama, M.,
Hirayama, A., Soga, T., Hishiki, T., Suematsu, M., Yagi, T., Ito, D., Kosakai, A.,
Hayashi, K., Shouji, M., Nakanishi, A., Suzuki, N., Mizuno, Y., Mizushima, N.,
Amagai, M., Uchiyama, Y., Mochizuki, H., Hattori, N. and Okano, H. (2012)
Mitochondrial dysfunction associated with increased oxidative stress and
alpha-synuclein accumulation in PARK2 iPSC-derived neurons and
postmortem brain tissue. Mol. Brain 5, 35.
[28] Israel, M.A., Yuan, S.H., Bardy, C., Reyna, S.M., Mu, Y., Herrera, C., Hefferan,
M.P., Van Gorp, S., Nazor, K.L., Boscolo, F.S., Carson, C.T., Laurent, L.C., Marsala,
M., Gage, F.H., Remes, A.M., Koo, E.H. and Goldstein, L.S. (2012) Probing
sporadic and familial Alzheimer’s disease using induced pluripotent stem
cells. Nature 482, 216–220.
[29] Jiang, Z., Han, Y. and Cao, X. (2014) Induced pluripotent stem cell (iPSCs) and
their application in immunotherapy. Cell. Mol. Immunol. 11, 17–24.
[30] Kaji, K., Norrby, K., Paca, A., Mileikovsky, M., Mohseni, P. and Woltjen, K.
(2009) Virus-free induction of pluripotency and subsequent excision of
reprogramming factors. Nature 458, 771–775.
[31] Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi, S.,
Nishikawa, S.I. and Sasai, Y. (2000) Induction of midbrain dopaminergic
neurons from ES cells by stromal cell-derived inducing activity. Neuron 28,
31–40.
[32] Kim, D., Kim, C.H., Moon, J.I., Chung, Y.G., Chang, M.Y., Han, B.S., Ko, S., Yang, E.,
Cha, K.Y., Lanza, R. and Kim, K.S. (2009) Generation of human induced
pluripotent stem cells by direct delivery of reprogramming proteins. Cell Stem
Cell 4, 472–476.
[33] Klein, C. and Schlossmacher, M.G. (2007) Parkinson disease, 10 years after its
genetic revolution: multiple clues to a complex disorder. Neurology 69, 2093–
2104.
[34] Kondo, T., Asai, M., Tsukita, K., Kutoku, Y., Ohsawa, Y., Sunada, Y., Imamura, K.,
Egawa, N., Yahata, N., Okita, K., Takahashi, K., Asaka, I., Aoi, T., Watanabe, A.,
Watanabe, K., Kadoya, C., Nakano, R., Watanabe, D., Maruyama, K., Hori, O.,
Hibino, S., Choshi, T., Nakahata, T., Hioki, H., Kaneko, T., Naitoh, M., Yoshikawa,
K., Yamawaki, S., Suzuki, S., Hata, R., Ueno, S., Seki, T., Kobayashi, K., Toda, T.,
Murakami, K., Irie, K., Klein, W.L., Mori, H., Asada, T., Takahashi, R., Iwata, N.,
Yamanaka, S. and Inoue, H. (2013) Modeling Alzheimer’s disease with iPSCs
reveals stress phenotypes associated with intracellular Abeta and differential
drug responsiveness. Cell Stem Cell 12, 487–496.
[35] Kriks, S., Shim, J.W., Piao, J., Ganat, Y.M., Wakeman, D.R., Xie, Z., Carrillo-Reid,
L., Auyeung, G., Antonacci, C., Buch, A., Yang, L., Beal, M.F., Surmeier, D.J.,
Kordower, J.H., Tabar, V. and Studer, L. (2011) Dopamine neurons derived from
human ES cells efﬁciently engraft in animal models of Parkinson’s disease.
Nature 480, 547–551.
S.D. Wenker et al. / FEBS Letters 589 (2015) 3396–3406 3405[36] Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles, M.E.,
Homfray, T., Penninger, J.M., Jackson, A.P. and Knoblich, J.A. (2013) Cerebral
organoids model human brain development and microcephaly. Nature 501,
373–379.
[37] Lee, S.H., Lumelsky, N., Studer, L., Auerbach, J.M. and McKay, R.D. (2000)
Efﬁcient generation of midbrain and hindbrain neurons from mouse
embryonic stem cells. Nat. Biotechnol. 18, 675–679.
[38] Lesage, S. and Brice, A. (2009) Parkinson’s disease: from monogenic forms to
genetic susceptibility factors. Hum. Mol. Genet. 18, R48–59.
[39] Li, X., Zhang, P., Wei, C. and Zhang, Y. (2014) Generation of pluripotent stem
cells via protein transduction. Int. J. Dev. Biol. 58, 21–27.
[40] Li, Y., Balasubramanian, U., Cohen, D., Zhang, P.W., Mosmiller, E., Sattler, R.,
Maragakis, N.J. and Rothstein, J.D. (2015) A comprehensive library of familial
human amyotrophic lateral sclerosis induced pluripotent stem cells. PLoS ONE
10, e0118266.
[41] Lim, J., Kim, J., Kang, J. and Jo, D. (2014) Partial somatic to stem cell
transformations induced by cell-permeable reprogramming factors. Sci. Rep.
4, 4361.
[42] Liu, Q., Pedersen, O.Z., Peng, J., Couture, L.A., Rao, M.S. and Zeng, X. (2013)
Optimizing dopaminergic differentiation of pluripotent stem cells for the
manufacture of dopaminergic neurons for transplantation. Cytotherapy 15,
999–1010.
[43] Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., Stadtfeld, M.,
Yachechko, R., Tchieu, J., Jaenisch, R., Plath, K. and Hochedlinger, K. (2007)
Directly reprogrammed ﬁbroblasts show global epigenetic remodeling and
widespread tissue contribution. Cell Stem Cell 1, 55–70.
[44] Malik, N. and Rao, M.S. (2013) A review of the methods for human iPSC
derivation. Methods Mol. Biol. 997, 23–33.
[45] Morris, S.A. and Daley, G.Q. (2013) A blueprint for engineering cell fate:
current technologies to reprogram cell identity. Cell Res. 23, 33–48.
[46] Murrell, W., Feron, F., Wetzig, A., Cameron, N., Splatt, K., Bellette, B., Bianco, J.,
Perry, C., Lee, G. and Mackay-Sim, A. (2005) Multipotent stem cells from adult
olfactory mucosa. Dev. Dyn. 233, 496–515.
[47] Muzio, L. and Consalez, G.G. (2013) Modeling human brain development with
cerebral organoids. Stem Cell Res. Ther. 4, 154.
[48] Nakatsuji, N., Nakajima, F. and Tokunaga, K. (2008) HLA-haplotype banking
and iPS cells. Nat. Biotechnol. 26, 739–740.
[49] Nguyen, H.N., Byers, B., Cord, B., Shcheglovitov, A., Byrne, J., Gujar, P., Kee, K.,
Schule, B., Dolmetsch, R.E., Langston, W., Palmer, T.D. and Pera, R.R. (2011)
LRRK2 mutant iPSC-derived DA neurons demonstrate increased susceptibility
to oxidative stress. Cell Stem Cell 8, 267–280.
[50] O’Doherty, R., Greiser, U. and Wang, W. (2013) Nonviral methods for inducing
pluripotency to cells. BioMed Res. Int. 2013, 705902.
[51] Obeso, J.A., Rodriguez-Oroz, M.C., Goetz, C.G., Marin, C., Kordower, J.H.,
Rodriguez, M., Hirsch, E.C., Farrer, M., Schapira, A.H. and Halliday, G. (2010)
Missing pieces in the Parkinson’s disease puzzle. Nat. Med. 16, 653–661.
[52] Okano, H. and Yamanaka, S. (2014) IPS cell technologies: signiﬁcance and
applications to CNS regeneration and disease. Mol. Brain 7, 22.
[53] Okita, K., Nakagawa, M., Hyenjong, H., Ichisaka, T. and Yamanaka, S. (2008)
Generation of mouse induced pluripotent stem cells without viral vectors.
Science 322, 949–953.
[54] Patel, M. and Yang, S. (2010) Advances in reprogramming somatic cells to
induced pluripotent stem cells. Stem Cell Rev. 6, 367–380.
[55] Peng, J., Liu, Q., Rao, M.S. and Zeng, X. (2013) Using human pluripotent stem
cell-derived dopaminergic neurons to evaluate candidate Parkinson’s disease
therapeutic agents in MPP+ and rotenone models. J. Biomol. Screen. 18, 522–
533.
[56] Peng, J., Liu, Q., Rao, M.S. and Zeng, X. (2014) Survival and engraftment of
dopaminergic neurons manufactured by a Good Manufacturing Practice-
compatible process. Cytotherapy 16, 1305–1312.
[57] Piquet, A.L., Venkiteswaran, K., Marupudi, N.I., Berk, M. and Subramanian, T.
(2012) The immunological challenges of cell transplantation for the treatment
of Parkinson’s disease. Brain Res. Bull. 88, 320–331.
[58] Qiang, L., Fujita, R. and Abeliovich, A. (2013) Remodeling neurodegeneration:
somatic cell reprogramming-based models of adult neurological disorders.
Neuron 78, 957–969.
[59] Rao, M. (2013) IPSC crowdsourcing: a model for obtaining large panels of stem
cell lines for screening. Cell Stem Cell 13, 389–391.
[60] Reinhardt, P., Schmid, B., Burbulla, L.F., Schondorf, D.C., Wagner, L., Glatza, M.,
Hoing, S., Hargus, G., Heck, S.A., Dhingra, A., Wu, G., Muller, S., Brockmann, K.,
Kluba, T., Maisel, M., Kruger, R., Berg, D., Tsytsyura, Y., Thiel, C.S., Psathaki, O.E.,
Klingauf, J., Kuhlmann, T., Klewin, M., Muller, H., Gasser, T., Scholer, H.R. and
Sterneckert, J. (2013) Genetic correction of a LRRK2 mutation in human iPSCs
links parkinsonian neurodegeneration to ERK-dependent changes in gene
expression. Cell Stem Cell 12, 354–367.
[61] Rhee, Y.H., Ko, J.Y., Chang, M.Y., Yi, S.H., Kim, D., Kim, C.H., Shim, J.W., Jo, A.Y.,
Kim, B.W., Lee, H., Lee, S.H., Suh, W., Park, C.H., Koh, H.C., Lee, Y.S., Lanza, R. and
Kim, K.S. (2011) Protein-based human iPS cells efﬁciently generate functional
dopamine neurons and can treat a rat model of Parkinson disease. J. Clin.
Invest. 121, 2326–2335.
[62] Ryan, B.J., Lourenco-Venda, L.L., Crabtree, M.J., Hale, A.B., Channon, K.M. and
Wade-Martins, R. (2014) a-synuclein and mitochondrial bioenergetics
regulate tetrahydrobiopterin levels in a human dopaminergic model of
Parkinson disease. Free Radic. Biol. Med. 67, 58–68.
[63] Sanchez-Danes, A., Richaud-Patin, Y., Carballo-Carbajal, I., Jimenez-Delgado, S.,
Caig, C., Mora, S., Di Guglielmo, C., Ezquerra, M., Patel, B., Giralt, A., Canals, J.M.,Memo, A., Alberch, J., Lopez-Barneo, J., Vila, M., Cuervo, A.M., Tolosa, E.,
Consiglio, A. and Raya, A. (2012) Disease-speciﬁc phenotypes in dopamine
neurons from human iPS-based models of genetic and sporadic Parkinson’s
disease. EMBO Mol. Med. 4, 380–395.
[64] Sanders, L.H., Laganiere, J., Cooper, O., Mak, S.K., Vu, B.J., Huang, Y.A., Paschon,
D.E., Vangipuram, M., Sundararajan, R., Urnov, F.D., Langston, J.W., Gregory,
P.D., Zhang, H.S., Greenamyre, J.T., Isacson, O. and Schule, B. (2014) LRRK2
mutations cause mitochondrial DNA damage in iPSC-derived neural cells from
Parkinson’s disease patients: reversal by gene correction. Neurobiol. Dis. 62,
381–386.
[65] Sauer, V., Roy-Chowdhury, N., Guha, C. and Roy-Chowdhury, J. (2014) Induced
pluripotent stem cells as a source of hepatocytes. Curr. Pathobiol. Rep. 2, 11–
20.
[66] Schöler, H.R. (2007) The potential of stem cells: an inventory in:
Humanbiotechnology as Social Challenge (Nikolaus Knoepfﬂer, D.S.a.S.L.S.,
Ed.), p. 192, Ashgate Publishing.
[67] Schondorf, D.C., Aureli, M., McAllister, F.E., Hindley, C.J., Mayer, F., Schmid, B.,
Sardi, S.P., Valsecchi, M., Hoffmann, S., Schwarz, L.K., Hedrich, U., Berg, D.,
Shihabuddin, L.S., Hu, J., Pruszak, J., Gygi, S.P., Sonnino, S., Gasser, T. and
Deleidi, M. (2014) IPSC-derived neurons from GBA1-associated Parkinson’s
disease patients show autophagic defects and impaired calcium homeostasis.
Nat. Commun. 5, 4028.
[68] Seibler, P., Graziotto, J., Jeong, H., Simunovic, F., Klein, C. and Krainc, D. (2011)
Mitochondrial Parkin recruitment is impaired in neurons derived frommutant
PINK1 induced pluripotent stem cells. J. Neurosci. 31, 5970–5976.
[69] Shaltouki, A., Sivapatham, R., Pei, Y., Gerencser, A.A., Momcilovic, O., Rao, M.S.
and Zeng, X. (2015) Mitochondrial alterations by PARKIN in dopaminergic
neurons using PARK2 patient-speciﬁc and PARK2 knockout isogenic iPSC lines.
Stem Cell Rep. 4, 847–859.
[70] Shi, Y., Kirwan, P., Smith, J., Robinson, H.P. and Livesey, F.J. (2012) Human
cerebral cortex development from pluripotent stem cells to functional
excitatory synapses. Nat. Neurosci. 15 (477–486), S471.
[71] Shimada, T., Takai, Y., Shinohara, K., Yamasaki, A., Tominaga-Yoshino, K.,
Ogura, A., Toi, A., Asano, K., Shintani, N., Hayata-Takano, A., Baba, A. and
Hashimoto, H. (2012) A simpliﬁed method to generate serotonergic neurons
from mouse embryonic stem and induced pluripotent stem cells. J.
Neurochem. 122, 81–93.
[72] Solomon, S., Pitossi, F. and Rao, M.S. (2015) Banking on iPSC – is it doable and
is it worthwhile. Stem Cell Rev. 11, 1–10.
[73] Sommer, C.A., Sommer, A.G., Longmire, T.A., Christodoulou, C., Thomas, D.D.,
Gostissa, M., Alt, F.W., Murphy, G.J., Kotton, D.N. and Mostoslavsky, G. (2010)
Excision of reprogramming transgenes improves the differentiation potential
of iPS cells generated with a single excisable vector. Stem Cells 28, 64–74.
[74] Sommer, C.A., Stadtfeld, M., Murphy, G.J., Hochedlinger, K., Kotton, D.N. and
Mostoslavsky, G. (2009) Induced pluripotent stem cell generation using a
single lentiviral stem cell cassette. Stem Cells 27, 543–549.
[75] Stadtfeld, M. and Hochedlinger, K. (2010) Induced pluripotency: history,
mechanisms, and applications. Genes Dev. 24, 2239–2263.
[76] Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G. and Hochedlinger, K. (2008)
Induced pluripotent stem cells generated without viral integration. Science
322, 945–949.
[77] Strong, C. (1991) Fetal tissue transplantation: can it be morally insulated from
abortion? J. Med. Ethics 17, 70–76.
[78] Swistowska, A.M., da Cruz, A.B., Han, Y., Swistowski, A., Liu, Y., Shin, S., Zhan,
M., Rao, M.S. and Zeng, X. (2010) Stage-speciﬁc role for shh in dopaminergic
differentiation of human embryonic stem cells induced by stromal cells. Stem
Cells Dev. 19, 71–82.
[79] Swistowski, A., Peng, J., Liu, Q., Mali, P., Rao, M.S., Cheng, L. and Zeng, X. (2010)
Efﬁcient generation of functional dopaminergic neurons from human
induced pluripotent stem cells under deﬁned conditions. Stem Cells 28,
1893–1904.
[80] Swistowski, A. and Zeng, X. (2012) Scalable production of transplantable
dopaminergic neurons from hESCs and iPSCs in xeno-free deﬁned conditions.
Curr. Prot. Stem Cell Biol. 2, 12. Chapter 2:Unit2D.
[81] Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K. and
Yamanaka, S. (2007) Induction of pluripotent stem cells from adult human
ﬁbroblasts by deﬁned factors. Cell 131, 861–872.
[82] Takahashi, K. and Yamanaka, S. (2006) Induction of pluripotent stem cells
from mouse embryonic and adult ﬁbroblast cultures by deﬁned factors. Cell
126, 663–676.
[83] Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J.,
Marshall, V.S. and Jones, J.M. (1998) Embryonic stem cell lines derived from
human blastocysts. Science 282, 1145–1147.
[84] Tong, Y. and Shen, J. (2012) Genetic analysis of Parkinson’s disease-linked
leucine-rich repeat kinase 2. Biochem. Soc. Trans. 40, 1042–1046.
[85] Turner, M., Leslie, S., Martin, N.G., Peschanski, M., Rao, M., Taylor, C.J.,
Trounson, A., Turner, D., Yamanaka, S. and Wilmut, I. (2013) Toward the
development of a global induced pluripotent stem cell library. Cell Stem Cell
13, 382–384.
[86] Vazin, T., Ball, K.A., Lu, H., Park, H., Ataeijannati, Y., Head-Gordon, T., Poo, M.M.
and Schaffer, D.V. (2014) Efﬁcient derivation of cortical glutamatergic neurons
from human pluripotent stem cells: a model system to study neurotoxicity in
Alzheimer’s disease. Neurobiol. Dis. 62, 62–72.
[87] Vazin, T., Chen, J., Lee, C.T., Amable, R. and Freed, W.J. (2008) Assessment of
stromal-derived inducing activity in the generation of dopaminergic neurons
from human embryonic stem cells. Stem Cells 26, 1517–1525.
3406 S.D. Wenker et al. / FEBS Letters 589 (2015) 3396–3406[88] Wolvetang, D.A.O.a.E.J. (2014) Opportunities and limitations of modelling
Alzheimer’s disease with induced pluripotent stem cells. J. Clin. Med. 3 (4),
1357–1372.
[89] Yamanaka, S. (2012) Induced pluripotent stem cells: past, present, and future.
Cell Stem Cell 10, 678–684.
[90] Zeng, X., Cai, J., Chen, J., Luo, Y., You, Z.B., Fotter, E., Wang, Y., Harvey, B., Miura,
T., Backman, C., Chen, G.J., Rao, M.S. and Freed, W.J. (2004) Dopaminergic
differentiation of human embryonic stem cells. Stem Cells 22, 925–940.[91] Zeng, X., Chen, J., Deng, X., Liu, Y., Rao, M.S., Cadet, J.L. and Freed, W.J. (2006) An
in vitro model of human dopaminergic neurons derived from embryonic stem
cells: MPP+ toxicity and GDNF neuroprotection. Neuropsychopharmacology
31, 2708–2715.
[92] Zhou, H., Wu, S., Joo, J.Y., Zhu, S., Han, D.W., Lin, T., Trauger, S., Bien, G., Yao, S.,
Zhu, Y., Siuzdak, G., Scholer, H.R., Duan, L. and Ding, S. (2009) Generation of
induced pluripotent stem cells using recombinant proteins. Cell Stem Cell 4,
381–384.
